Plant genes whose expression is induced in legumes by Rhizobium bacteria upon nodulation were initially referred to as nodulins. Several of them play a key role in the establishment of symbiosis. Yet, nodulin-like proteins are also found in non-nodulating plant species such as Arabidopsis, rice, maize or poplar. For instance, 132 are predicted in the Arabidopsis thaliana Col-0 genome. Recent studies now highlight the importance of nodulin-like proteins for the transport of nutrients, solutes, amino acids or hormones and for major aspects of plant development. Interestingly, nodulin-like activities at the plant-microbe interface are also important for pathogens to enhance their fitness during host colonization. This work presents a genomic and functional overview of nodulin-like proteins in nonleguminous plant species, with a particular focus on Arabidopsis and rice.
Introduction
Bacteria of the genus Rhizobium interact with legume plants to form a highly specific nitrogen-fixing symbiotic organ called a nodule (Crespi and Frugier 2008) . This organogenesis results from the molecular dialog between Rhizobium bacteria and leguminous plants, involving plant flavonoids and bacterial lipochitooligosaccharidic molecules called Nod factors (Stacey et al. 2006) . Consequently, bacteria colonize root tissues and their hosts form nodules where bacteria differentiate into nitrogen-fixing bacteroids that are beneficial to the plants (Kereszt et al. 2011) . Nodulin-encoding genes were first defined as legume genes that are specifically expressed during the development of symbiotic root nodules (Legocki and Verma 1980) . Twenty-nine Medicago truncatula genes whose expression is induced during the interaction with R. meliloti were referred to as nodulin genes (MtN1-MtN29) (Gamas et al. 1996) . Early Nodulin (ENOD) genes correspond to nodulin genes whose expression can be induced by purified Nod factors only, such as ENOD12 in Pisum sativum and M. truncatula (Scheres et al. 1990 , Pichon et al. 1992 .
Interestingly, homologs of nodulin genes are found in the genome of several plants that are unable to nodulate, pointing to a possible ancestral role for nodulin-like genes in plant physiology. This work provides an overview of the distribution and known functions of nodulin-like proteins in non-leguminous plants. The function of most of the nodulin-like genes studied to date deals with the transport of various solutes throughout plant development. Finally, several nodulin-like proteins are also involved in the interaction of plants with pathogenic microbes, highlighting the implication of solute transport in plant innate immunity.
the Viridiplantae core genome ( Fig. 1A ; Supplementary  Table S1 ). Thus, nodulin-like families expanded long before the speciation of legumes. Gene nomenclature and orthology between Arabidopsis, rice and seven other plant species have been compiled in Supplementary Table S1 and Figs. S1-S4, respectively. Besides their historical role in nodulation, nodulinlike proteins achieve broader functions. The present review outlines their role in non-leguminous plants, with a particular focus on Arabidopsis and rice.
Nodulin-Like Proteins are Transmembrane Proteins with Varied Expression Patterns and Subcellular Localizations
Nodulin-like genes are usually expressed in all Arabidopsis organs (flowers, leaves, roots, stems, etc.) and during various developmental stages (pollen formation, secondary cell wall deposition, germination, senescence, etc.). They can be modulated by external cues (e.g. biotic or abiotic stress, or treatment with hormones or plant immunity elicitors) independently of the family they belong to. Yet, according to the Bio-Analytic Resource for Plant Biology (http://bar.utoronto. ca/welcome.htm), individual nodulin-like genes can have tissue-specific or inducible expression levels that provide hints as to their biological function. Furthermore, the seven nodulin-like protein families correspond to transmembrane proteins predicted to be targeted to distinct cellular membranes (plasmalemma, tonoplast or chloroplast) in Arabidopsis. This suggests that nodulin-like proteins are probably involved in a wide variety of physiological processes.
Nodulin-Like Proteins are Emerging as Proteins with Transporter Activity
The following sections review recent studies that provide hints as to the possible molecular and biological functions of each nodulin-like protein family. In particular, several nodulin-like proteins were recently shown to be bona fide transporters of The MtN3/saliva/SWEET family: glucose, sucrose or fructose transport
MtN3 was originally described as one of the 29 genes induced by R. meliloti in M. truncatula nodules (Gamas et al. 1996) . Because Arabidopsis and rice MtN3 orthologs function as glucose, sucrose or fructose transporters (Chen et al. 2010 , Chen et al. 2012 , Chardon et al. 2013 , and can also be associated with copper and aluminum transport (Yuan et al. 2010) , these genes were renamed SWEET genes (Sugars Will Eventually be Exported Transporters). The function of the SWEET nodulin-like family has been reviewed recently (Chen et al. 2013, Yuan and Wang, 2013) . The expression of several Arabidopsis SWEET genes is notably strongly induced in response to infection by Pseudomonas syringae pv. tomato (Pst) (AtSWEET4, 5, 7, 8, 10 and 12) and Botrytis cinerea (AtSWEET4 and 17) (Chen et al. 2010) , suggesting that the control of SWEET-dependent sugar transport could be important for pathogenicity. Several rice SWEET genes are targeted by Xanthomonas virulence proteins named TALs (transcription activator-like; Muñoz Bodnar et al. 2013 , Schornack et al. 2013 , which specifically activate transcription of OsSWEET genes during infection to promote disease (Yang et al. 2006 , Antony et al. 2010 , Romer et al. 2010 , Yu et al. 2011 , Verdier et al. 2012 , Li et al. 2013 , Streubel et al. 2013 . Interestingly, OsSWEET14 expression can be induced by distinct TAL proteins from X. oryzae pv. oryzae (Xoo) strains of different geographic origins and genetic lineages (Streubel et al. 2013 ). This indicates that the ability to induce rice SWEET genes and the consecutive release of sugar in the apoplast is critical for bacterial pathogenicity at the early stages of infection. Yet, only clade III OsSWEET genes promoted Xoo pathogenicity (Streubel et al. 2013) , suggesting that members of the other clades are involved in other physiological processes.
The MtN21/EamA-like transporter/UMAMIT family: amino acid and auxin transporters
The MtN21 protein-encoding gene was initially described as nodulin induced during R. meliloti-M. truncatula symbiosis (Gamas et al. 1996) . The name of the EamA-like family derives from protein structure analysis which predicted a drug/metabolite transporter domain characteristic of amino acid exporters in Escherichia coli, such as EamA (O-acetylserine and cysteine), YdeD (cysteine, asparagine and glutamine) and RhtA (threonine and homoserine) proteins (Franke et al. 2003 , Livshits et al. 2003 . In the Arabidopsis TAIR database, the entire gene family was recently renamed as Usually Multiple Acids Move In and out Transporters (UMAMIT; Supplementary Table S1 ). So far, none of the 15 MtN21/ UMAMIT nodulin-like proteins has been characterized in rice. Arabidopsis AtUMAMIT18/AtSIAR1 (Siliques Are Red 1) was reported to act as a bidirectional amino acid transporter capable of importing glutamine, histidine and aspartate into yeast and Xenopus oocytes and exporting glutamine, valine, citrulline and isoleucine into yeast culture medium (Ladwig et al. 2012 ). AtUMAMIT18 may be required for releasing amino acids from the phloem to the apoplasmic space, making them subsequently available for import into adjacent cells of the endosperm and the embryo. In roots, AtUMAMIT18 is thought to be involved in amino acid loading into the xylem (Ladwig et al. 2012 ). AtUMAMIT5/AtWAT1 (Walls Are Thin1) is a tonoplast-localized protein required for proper secondary cell wall formation in stem fibers (Ranocha et al. 2010) . A loss-of-function mutant displayed reduced stem size, was deficient in tryptophan and its derived auxin production, lacked auxin basipetal transport and displayed a deregulation of the expression of many auxin-related genes, including some involved in auxin biosynthesis and transport, and to the response to auxin (Ranocha et al. 2010) . In accordance with these features, Ranocha et al. (2013) recently demonstrated that AtUMAMIT5/AtWAT1 acted as a vacuolar auxin export facilitator in isolated Arabidopsis vacuoles, in yeast and in Xenopus oocytes. Additionally, wat1 mutants exhibited enhanced vascular immunity suspected to result from a hormonal shift in roots (less auxin, more salicylic acid) likely to modify sap composition and constitute a hostile environment for xylem-colonizing pathogens (Denancé et al. 2013 ).
The early nodulin-like (ENODL) family: carbohydrate transporters?
In Arabidopsis, 22 ENODL family members (AtENODL1-AtENODL22) were identified through several proteomic and genomic studies (Supplementary Table S1 ) (Borner et al. 2002 , Borner et al. 2003 , Khan et al. 2007 , Mashiguchi et al. 2009 ). These proteins are related to phytocyanins, i.e. blue copper proteins that bind a single copper atom and function as electron transporters. Yet, the amino acid residues needed for copper binding are missing in AtENODL proteins, suggesting the involvement of this protein family in other processes (Greene et al. 1998 , Mashiguchi et al. 2004 ). AtENODL1, 13-15 and 17 were identified in a phosphoproteomic analysis of plasma membranes treated with elicitors of plant immunity (Benschop et al. 2007) , suggesting a role in this process. As regards AtENODL9, it accumulates to high levels in mature sieve elements that participate, together with companion cells, in phloem loading/unloading and solute transport. atenodl9 mutants had a delayed bolting, and the number and biomass of the siliques were strongly reduced, albeit that their vegetative development was not impaired significantly (Khan et al. 2007 ). Since carbohydrate signaling affects the vegetative to reproductive stage shift and floral initiation, it is tempting to attribute a role in carbohydrate transport to AtENODL9, but further experimental evidence is required to support such a function.
The major facilitator superfamily: transporters of unknown solutes?
The major falicitator superfamily (MFS) is composed of 74 families of uniporters, symporters or antiporters of various compounds that are found ubiquitously in all three kingdoms of living organisms. Among them, a few members carry the IPR010658 domain, which is a well-conserved region within plant nodulin-like proteins. Their transporter activity was deciphered in bacteria and demonstrated for various substrates such as mono-and polysaccharides, phosphate, nitrate, drugs or ions (Reddy et al. 2012) . Although no transport activity of an MFS nodulin-like protein has been reported so far in plants, some gene expression data sets suggest their potential involvement. For instance, AtMFS4 and AtMFS5 expression is induced upon treatment with karrikins, a class of signaling molecules which trigger seed germination (Nelson et al. 2010) . Interestingly, karrikins are structurally similar to strigolactones which stimulate the initiation of symbiosis by arbuscular mycorrhizal fungi in legumes (Akiyama et al. 2005 , Besserer et al. 2006 , Waters et al. 2013 ). Expression of AtMFS10, which encodes a plasmodesmal protein, increases during infection by the oomycete Hyaloperonospora arabidopsidis (Fernandez-Calvino et al. 2011 , Hok et al. 2011 . Collectively, these data suggest that some MFS nodulin-like proteins might be important for plant responses to symbiotic or pathogenic microbes.
The Sec14p-nodulin domain family: phosphatidylinositol or phosphatidylcholine transport?
Sec14p-nodulin domain proteins share homologies with ScSec14p, a Golgi-associated phosphatidylinositol transfer protein (PITP) that regulates lipid trafficking in yeast (Bankaitis et al. 1990 , Cleves et al. 1991 . Proteins related to Sec14p are found exclusively in eukaryotes, including plants (Jouannic et al. 1998 , Vincent et al. 2005 ). AtSFH4-AtSFH6 were identified in the phosphoproteome of plasma membranes treated with flg22 and xylanase elicitors (Benschop et al. 2007 ). Mutants of AtSFH1/COW1/SRH1/ PITP1 (Can Of Worms 1/Short Root Hair 1) and OsSNDP1 (Sec14-nodulin domain protein), a close ortholog of AtSFH1, display abnormal root hair morphology, indicating that these genes are required for correct root hair elongation (Bohme et al. 2004 , Vincent et al. 2005 . PITPs can bind phosphatidylcholine and deliver it to phospholipase D (PLD). Therefore AtSFH1 could transport phosphatidylcholine to a PLD for hydrolysis. In this case, loss of AtSFH1 function is thought to interfere with PLD activity and thus to impair the correct membrane trafficking process that is essential for root hair tip growth (Bohme et al. 2004 , Vincent et al. 2005 . Like all proteins with Sec14-domains, rice OsSNDPs share all three conserved residues corresponding to E207, K239 and G266 in yeast Sec14p. These residues are critical for phosphatidylinositol transport activity , suggesting that rice OsSNDPs could be active proteins.
The NOD26-like intrinsic protein (NIP) family: arsenite, boron, formamide, glycerol, lactic acid, silicon, urea or water transporters
NIPs, also referred to as NLMs (NOD26-like major intrinsic proteins), are proteins homologous to GmNOD26, an aquaporin abundantly found in peribacteroid membranes in soybean root nodules (Fortin et al. 1987) . NIPs transport various substrates such as water (AtNIP1;1), glycerol (AtNIP1;1, AtNIP1;2 and AtNIP6;1), lactic acid (AtNIP2;1), arsenite (AtNIP1;1, AtNIP1;2 and AtNIP5;1), formamide (AtNIP1;6), boron (AtNIP5;1, AtNIP6;1 and AtNIP7;1) and urea (AtNIP6;1) (Li et al. 2011 , Mitani-Ueno et al. 2011 , and references therein). In rice, OsNIP2;1 transports silicon, which can have a protective role against powdery mildew infection (Fauteux et al. 2006 , Ma et al. 2006 ).
Vacuolar iron transporter/nodulin-like proteins: iron transporters?
The yeast ScCCC1 (Ca 2+ -sensitive cross-complementer1) gene encodes an iron/manganese transporter involved in the vacuolar accumulation of these metals (Li et al. 2001 ). AtVIT1 (vacuolar iron transporter1; At2g01770), an Arabidopsis ortholog of ScCC1, localizes to the tonoplast, mediates iron sequestration in vacuoles and controls iron homeostasis in seeds (Kim et al. 2006) . The Arabidopsis genome contains five nodulin-like proteins with similarity to ScCC1 and AtVIT1 (Supplementary Table S1 ; Gollhofer et al. 2011) . While the expression of AtNodulin-like21/AtCCCL1 (CCC1-like1), AtNodulin-like1/ AtCCCL2 and AtNodulin-like2/AtCCCL3 was first reported as increased upon iron deficiency in roots (Garcia et al. 2010 ), decreased expression of these genes after Fe depletion was later reported (Gollhofer et al. 2011) . AtNodulin-like3 and 4 gene expression was insensitive to the treatment (Gollhofer et al. 2011) . Thus, the exact molecular function of these putative transporters remains unclear.
Conclusions
Whenever nodulin-like protein functions were reported in Arabidopsis or rice, they were shown to transport a whole range of compounds or to be associated with their transport (Fig. 1B) . The presence of members of seven nodulin-like families in the core genome of plants indicates that nodulinlike proteins acquired important biological functions prior to the speciation of legumes and the recruitment of nodulin-like proteins for nodulation. In particular, the transporter function of nodulins in both symbiotic and pathogenic interactions suggests that the control of molecular fluxes at the plant-microbe interface is critical for the outcome of these interactions. Microbes have learnt how to subvert these transporters to increase their fitness, as exemplified by the pathogenic bacterium Xanthomonas which induces the expression of the SWEET sugar transporters using TAL virulence proteins. The investigation of the functions of nodulin-like protein in non-leguminous plants is just emerging. Future studies will shed new light on how nodulin-like proteins are involved in plant development and plant-microbe interactions.
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